The quantity of available water resources has been recognized as the key limiting factor for development of most of the arid regions. This paper focuses on the simulation-optimization for conjunctive use of surface water and groundwater on a large scale. In this study, Hetao Irrigation District in China, one of the largest irrigation districts in the Yellow River basin, is selected as a representative study area. The conjunctive management model of water resources is developed by means of dynamically coupling a large-scale hydrological model with an optimal allocation model.
The primary objective of this study is to develop a conjunctive management model of surface and groundwater, and to couple a large-scale flow model with an optimal allocation model. This paper first discusses the characteristics and current use of water resources in the irrigation district. Then, a large-scale groundwater flow model is developed based on the field observation data. In addition, an optimization model is formulated. Finally, optimal strategy of conjunctive use of surface and groundwater is analyzed by dynamically coupling the simulation model with the optimization model.
SITE DESCRIPTION Climate
The average annual rainfall and evaporation in the Hetao Irrigation District is about 160 and 2,240 mm, respectively, from 1981 to 2009. However, rainfall is highly variable with annual totals ranging from 70 to 250 mm. In addition to having a highly variable inter-annual rainfall, Hetao Irrigation District exhibits a strongly seasonal trend. Two-thirds of the rain occurs between June and September (Figure 2) Despite the intensive and long-term irrigation, the aver- 
MATERIALS AND METHODS
In this paper, a large-scale conjunctive management model of water resources is developed by means of dynamically coupling a large-scale hydrological model with an optimal allocation model.
Optimization allocation model

Variables setting
At present, Hetao Irrigation District is mainly irrigated by surface water, and the groundwater is mostly used for domestic use and industry. With the rapid economic development and population growth, water demand will increase sharply. Thus, the well-canal combined irrigation area needs to be expanded to make the most use of the groundwater. At the same time, in order to prevent decline of the groundwater table resulting from centralized exploitation, surface water can also be supplied for domestic use and to industry. Thus, a schematic diagram of the conjunctive use system is presented as shown in Figure 4 . The system is characterized by three main components: the surface water supply system, the water use system, and the under- As the surface water from the Yellow River will be limited to less than 4.0 × 10 9 m 3 by the management institution, the purpose of the optimal allocation model is to improve the groundwater use efficiency, and to minimize the surface water supply. Thus, the objective function used for the overall conjunctive use model is:
where i is the number of irrigation subdistricts in the study constraints.
1. Water supply constraints: Monthly surface water allocation in each subdistrict cannot exceed the availability of water from the Yellow River. This constraint can be expressed as:
where SW i,j,t is the surface water available for jth water use sector in ith irrigation subdistrict for tth time interval [L 3 ], TSW is the total annual surface water available at the entrance of the canal [L 3 ].
The annual total water pumped from the groundwater of the study area should not exceed the annual recharge. Thus the constraints on groundwater availability for all the subdistricts of the study area can be expressed as:
where GW i,j,t is the groundwater available for jth water use sector in ith irrigation subdistrict for tth time period [L 3 ], C i is the permissible mining allowance in ith irrigation subdistrict, and TGW i is the annual groundwater recharge in ith irrigation subdistrict [L 3 ].
2. Water requirement constraints: The total monthly water requirement for all the water use sectors in each irrigation subdistrict should be met with the surface and groundwater allocations. Therefore, constraints for water requirement can be expressed as:
where TWR i,j,t is the water requirement of jth water use Thus, the control equation can be formulated as:
where [L], ε is the controlling precision.
In addition, canal capacity constraints, well capacity constraints, and non-negative constraints have been considered.
Large-scale groundwater model
Formulation
The following assumptions are made for the groundwater conceptual model:
1. Flow in the aquifer can be approximated as a two-dimensional flow.
2. Darcy's law and Dupuit's assumption are valid.
3. The aquifer is unconfined, heterogeneous, isotropic and bounded at the bottom by an impervious layer.
4. The saturated thickness of the aquifer is always large compared to the drawdown; thus the aquifer transmissivity is independent of the head.
The governing equations for the two-dimensional, unsteady flow in the isotropic, heterogeneous, unconfined aquifer can be expressed as: ], x and y are the Cartesian coordinates in plan, and t is the time in days.
The finite element formulation based on the Galarkin weighted residual method is applied to Equation (6). The model was designed for some specific flow conditions, such as irregular boundary, temporal and spatial variation of rainfall infiltration and evaporation. In addition, the model can be easily coupled with an optimal model.
Sub-areas and boundary conditions
According to the types of land use and different hydrogeological units, the study area is divided into several sub-areas.
Furthermore, based on the actual groundwater flow conditions in Hetao Irrigation District, three boundary conditions are specified, including Dirichlet boundary B h , Neumann boundary B q , and Impermeable boundary B 0 .
The Neumann boundary B q includes both the lateral seepage from mountains B q1 and from the Yellow River B q2
( Figure 5 ).
Evaporation
The soil water dynamics experience three different periods each year, a freezing period, thawing period, Figure 6 shows the results. 
Infiltration
Rainfall infiltration, canal seepage, irrigation infiltration, and well irrigation return can be evaluated with the following equations:
where RI i,j,t is the rainfall infiltration for jth water use These recharge coefficients, shown in Table 2 , are evaluated or calculated using long-term field observed data.
Parameter calibration
As the most important hydrogeological parameters of the groundwater flow model, the specific yield μ and the hydraulic conductivity K are calibrated based on the field observation data from 1990 to 1999. The results are shown in Table 2 . 
Validation of simulation model
The developed large-scale groundwater flow model is validated with the field observation data from 2000 to 2009.
The discrepancy between measurement data and calculated results indicates the model can be applied to forecast the groundwater movement (Figure 8 ). Figure 9 shows the flow chart for the sustainable utilization coupled management model.
In Figure 9 , the initial value of SW i,j,t is given, and GW i,j,t can be evaluated according to Equation (14).
Step 3 is the process of adjusting SW i,j,t and GW i,j,t , and the methods used to adjust can be formulated as follows:
where μ i is specific yield of ith irrigation subdistrict, Finally, the computational program of the coupled model has been written with Fortran language, and validated with a series of multi-year observation data.
RESULTS AND DISCUSSION
Water allocation
Water resources for 2020 and 2030, including surface and groundwater, have been allocated optimally with the coupled model. The calculated results are given in Table 3 . From these two figures it can be seen that the groundwater use efficiency has been improved significantly during the irrigation period (from April to October). In contrast, the surface water has been reduced to less than 4.0 × 10 9 m 3 /a. Therefore, the groundwater use efficiency can be improved by increasing the well-canal combined irrigation area and allocating the groundwater sensibly.
Groundwater level
According to the groundwater evaporation experiment results of Hetao Irrigation District, the groundwater evaporation is almost equal to zero when the groundwater depth is greater than 3 m. Consequently, in order to use the groundwater satisfactorily and maintain crop growth, the rational groundwater depths of irrigated and non-irrigated areas are around 2.5 and 3.0 m, respectively, according to other Finally, the conjunctive management model is a convincing model with some assumptions based on the long-term observed data. However, there exist some potential uncertainties in the model, such as parameters, constraints, and rainfall. How to quantify these with an appropriate method will be a focus for further study.
